Extracellular vesicles (EVs) have sparked tremendous interest owing to their prominent potential in diagnostics and therapeutics. Isolation of EVs from complex biological fluids with high purity is essential to the accurate analysis of EV cargo. Unfortunately, generally used isolation techniques do not offer good separation of EVs from non-EV contaminants. Hence, it is important to have a standardized method to characterise the properties of EV preparations, including size distribution, particle concentration, purity and phenotype. Employing a laboratory-built nano-flow cytometer (nFCM) that enables multiparameter analysis of single EVs as small as 40 nm, here we report a new benchmark to the quality and efficiency assessment of EVs isolated from plasma, one of the most difficult body fluids to work with. The performance of five widely used commercial isolation kits was examined and compared with the traditional differential ultracentrifugation (UC). Two to four orders of magnitude higher particle concentrations were observed for EV preparations from platelet-free plasma (PFP) by kits when compared with the EV preparation by UC, yet the purity was much lower. Meanwhile, the particle size distribution profiles of EV preparations by kits closely resembled those of PFP whereas the EV preparation by UC showed a broader size distribution at relatively large particle size. When these kits were used to isolate EVs from vesicle-depleted PFP (VD-PFP), comparable particle counts were obtained with their corresponding EV preparations from PFP, which confirmed again the isolation of a large quantity of non-vesicular contaminants. As CD9, CD63 and CD81 also exist in the plasma matrix, singleparticle phenotyping of EVs offers distinct advantage in the validation of EVs compared with ensemble-averaged approaches, such as Western blot analysis. nFCM allows us to compare different isolation techniques without prejudice.
Introduction
Extracellular vesicles (EVs) are nano-sized lipid bilayer vesicles (40-1000 nm in diameter) released by their cells of origin to mediate intercellular communication via delivering cargo molecules (nucleic acids, proteins, lipids, etc.) to recipient cells [1, 2] . EVs are prevalent in biological fluids and recent studies have shown their promising roles in disease diagnosis and therapeutics [3, 4] . Because of the abundant presence of interfering non-vesicular components such as proteins, cell debris and other particles in body fluids and cell culture media, high purity separation of EVs is a prerequisite of proteomic, genomic and lipidomic analyses for fundamental research and biomarker discovery [5] [6] [7] [8] .
Unfortunately, effective and selective separation of high purity EVs from biological fluids remains a significant challenge owning to their nanoscale size and large population heterogeneity [9, 10] . The International Society for EVs has emphasized the urgent need for standardized methods in EV isolation and quality assessment [11] [12] [13] [14] .
Differential ultracentrifugation (UC) has been a classical method for EV separation, at least until recently [15, 16] , yet it is time-consuming, labourintensive, and of limited accessibility. To address the obstacles in routine EV extraction, numerous separation techniques based on different principles have been applied for the purification of EVs from biological fluids, such as polymer-based precipitation [17, 18] , size exclusion chromatography (SEC) [19, 20] , ultrafiltration (UF) [21] , flow field-flow fractionation [22] , immunoaffinity capture [23, 24] , microchip-based techniques [25] [26] [27] and combinations of these techniques [28, 29] . Recently, a number of commercial kits are made available and have been widely reported in the literature for EV isolation. For example, ExoQuick (System Biosciences) and Total Exosome Isolation kits (TEI, Invitrogen) rely on polymer precipitation; qEV (Izon) is an SEC column; ultrafiltration (UF, Millipore) uses centrifugal filter devices; and exoEasy (Qiagen) builds upon membrane-based affinity binding [19, [29] [30] [31] [32] . Although these kits are less time consuming, more compatible with limited volumes of biofluids, and do not require special equipment, their suitability for scientific and clinical applications is doubtful due to the uncertain quality of EV preparations [33] . This is particularly true for plasma or serum samples as there exists a considerable overlap in both the particle size and density between EVs and lipoproteins, which normally result in unintentional coisolation of these two different entities [34, 35] .
Several studies have attempted to compare the isolation efficiency of various techniques for EV isolation from blood samples [36] [37] [38] [39] [40] . This is frequently done by measuring the physical properties (size and concentration) using nanoparticle tracking analysis (NTA) or tunable resistive pulse sensing (TRPS). However, the minimum detectable EV sizes are 70-90 nm for NTA and 70-100 nm for TRPS, respectively [41] . Considering that EVs smaller than 70 nm represents a large population of EVs [42] [43] [44] , NTA and TRPS can hardly reveal the full picture of all sizes of EVs. Moreover, these two methods are not suitable for measuring samples of a very broad or polydispere size distribution, which is the case for EVs isolated from biofluids. Besides physical properties, the purity and biological features of EV preparations are important factors that significantly affect the accuracy of downstream biochemical profiling of EVs [45, 46] . However, these properties can hardly be characterized by ensemble-averaged methods, as they cannot establish whether nucleic acids, proteins, lipids, etc. are specifically associated with EVs or reside instead in the solution phase or other non-vesicular contaminants.
Over the past dozen years, our laboratory has been working on the development of nano-flow cytometry (nFCM) and has achieved single-particle lightscattering detection of viruses, silica nanoparticles (SiNPs) and gold nanoparticles down to 27, 24 and 7 nm size, respectively [47, 48] . With the incorporation of multiparameter fluorescence detection, we recently reported sizing and protein profiling of individual EVs as small as 40 nm [43] . With comparable resolution to that of electron microscopy and the phenotyping capability of flow cytometry, here we aim to develop a standardized method to assess the quality and efficiency of EV separation by different methods. Properties such as size distribution, particle concentration, purity, recovery rate and surface proteins were measured. Human plasma was used as the model system, and the performance of several commercial isolation kits were compared with the classical differential UC method.
Materials and methods

Preparation of PFP
Peripheral blood was drawn from a healthy volunteer who had fasted for at least 12 h at the First Affiliated Hospital of Xiamen University. Informed written consent was obtained from the healthy volunteer and the collection of human blood samples was approved by the Ethics Committee of the First Affiliated Hospital of Xiamen University. Briefly, 2.7 mL blood was collected into BD Vacutainer tubes (363095) containing 0.3 mL of 0.109 M sodium citrate by using 21-gauge needles. After collection, tubes were inverted 4-5 times immediately for proper mixing with anticoagulant. Tubes were transported vertically at room temperature without agitation. And then, the blood samples were centrifuged twice at 2,500 × g for 15 min at room temperature to extract PFP within 2 h of blood collection. PFP was aliquoted and stored at −80°C until further use, and freeze-thawing was avoided as much as possible after that. Vesicle-depleted PFP (VD-PFP) was prepared by ultracentrifuging PFP without dilution at 100,000 × g for 18 h at 4°C (Beckman Coulter X-90 centrifuge; SW 41 Ti rotor), and the supernatant was recovered as VD-PFP [15] .
Cell culture
Human colorectal cancer cell line (HCT15) was purchased from American Type Culture Collection (ATCC). HCT15 cells were cultured in RPMI 1640 medium (Gibco). All media were supplemented with 10% FBS and penicillin-streptomycin (Invitrogen). The FBS used above was depleted of EVs by UC at 100,000 × g for 18 h at 4°C (Beckman Coulter X-90 centrifuge, SW41 Ti rotor). For EV isolation, cells were grown in EV-depleted medium until they reached a confluency of~90% (after approximately 24 h). The conditioned cell culture medium was collected and centrifuged at 800 × g for 5 min at 4°C to pellet the cells.
The supernatant was centrifuged at 2,000 × g for 10 min at 4°C to remove cellular debris, and is called conditioned cell culture medium (CCCM) in present study.
Isolation of EVs
EVs were isolated from thawed PFP by six isolation methods including five commercially available isolation kits and the conventional differential UC (Table 1) . Manufacturer's instructions were followed for each kit. EVs were also purified from CCCM by differential UC.
Differential UC
Freshly prepared CCCM of HCT15 cells (12.5 mL) or thawed PFP (2.0 mL) diluted to 12.5 mL with PBS were centrifuged at 100,000 × g for 2 h at 4°C in a Beckman Coulter XE-90K Ultracentrifuge using an SW 41 Ti rotor. The pellet was washed with 12.5 mL of PBS and followed by a second UC at 100,000 × g for 2 h at 4°C. Afterwards, the supernatant was discarded and EVs were resuspended in 50-100 μL PBS.
ExoQuick isolation kit (ExoQuick)
ExoQuick PLUS isolation kit (System Biosciences, EXOQ5TM-1) was used in present study. Briefly, 4 μL of thrombin (611 U/mL) was added into 500 μL PFP to a final concentration of 5 U/mL. Then the sample was incubated at room temperature for 5 min while gently flicking the tube. After thrombin treatment, the sample was centrifuged at 10,000 × g for 5 min at room temperature and the supernatant was transferred to a clean tube. It was stated by the manufacturer that 'When isolating exosomes from plasma, fibrinogen and fibrin can impede efficient recovery. By pre-treating plasma with thrombin, the fibrinogen can be converted to fibrin and easily pre-cleared by a simple centrifugation step'. Then 126 μL of ExoQuick exosome precipitation solution was added into thrombin-treated PFP and the mixture was incubated for 30 min at 4°C. Afterwards, the sample was centrifuged at 1,500 × g for 30 min room temperature. The supernatant was removed carefully and the pellet was resuspended in PBS.
Total exosome isolation kit (TEI)
Total Exosome Isolation (from plasma) reagent (Invitrogen, 4484450) was used. Briefly, thawed PFP was centrifuged at 10,000 × g for 20 min at room temperature to remove debris. Then 100 μL supernatant was transferred into a clean tube and 50 μL PBS was added into the plasma. The sample was mixed thoroughly by vortexing. 5 μL proteinase K was added into the sample. The sample was vortexed and incubated at 37°C for 10 min. Then 30 μL Exosome Precipitation Reagent was added to the proteinase K-treated PFP. After vortexing, the mixture was incubated at 4°C for 30 min, then centrifuged at 10,000 × g for 5 min at room temperature. The supernatant was carefully discarded and the pellet was resuspended in PBS.
qEV column (qEV) The qEV columns (Izon, 1000871) were equilibrated with at least 10 mL PBS before using. Then 500 μL plasma was pipetted onto the column, and fractions were immediately collected with a volume of 500 μL into each tube. PBS was used to elute EVs during the purification process. The first six fractions were discarded because they do not contain EVs. The 7th-9th fractions were combined as the EV preparation for downstream analysis. Prior to the Western blot and transmission electron microscopy analyses, a fraction of this EV preparation was concentrated by UF as described below.
Ultrafiltration (UF)
Amicon® ultra-0.5 gentrifugal filter devices (Millipore, Amicon® Ultra 100 K device) were used here to purify and concentrate EVs from PFP. Briefly, 25 μL PFP was diluted to 500 μL with PBS. The diluted plasma was added into the Amicon® ultra-0.5 devices rinsed with PBS before using. The sample was concentrated from 500 μL to 50 μL by centrifugation at 14,000 × g for 10 min at 4°C. Then 450 μL PBS was added into the 50 μL retentate and followed by a second UC at 14,000 × g for 10 min at 4°C. To recover the concentrate, the Amicon® ultra-0.5 device was turned upside down in a clean microcentrifuge tube and centrifuged at 1,000 × g for 5 min to transfer the concentrated sample from the device to the tube.
exoEasy Maxi kit (exoEasy) The exoEasy Maxi kit (Qiagen, 76064) was used according to the quick-start protocol. Briefly, the PFP was filtered using a 0.8-μm pore filter (Millipore Millex-AA, SLAA033SB) to exclude large particles. Equivalent volume XBP buffer was added to 500 μL PFP and the sample was mixed well by gently inverting the tube 5 times. The mixture was added into the exoEasy spin column to centrifuge at 500 × g for 1 min at room temperature, and the flow-through was discarded. Then 10 mL buffer XWP was added and the column was centrifuged at 5,000 × g for 5 min to remove residual buffer from the column. After that, the column was transferred to a fresh collection tube. Then, 400 μL XE buffer was added to the column membrane with an incubation for 1 min. The column was centrifuged at 500 × g for 5 min to collect the eluate.
nFCM analysis
The laboratory-built nFCM reported before was used in the present study, and Figure 1 (a) shows the schematic diagram of the instrument design [43, 47] . Briefly, two single-photon counting avalanche photodiodes (APDs) were used for the simultaneous detection of the side scatter (SSC) (bandpass filter: FF01 − 524/24) and orange fluorescence (bandpass filter: FF01 − 579/ 34) of individual EVs, respectively. Unless stated otherwise, each distribution histogram or dot-plot was derived from data collected 1 min unless stated otherwise. Ultrapure water supplied by an ultrapure water system (PURELAB Ultra FLC00006307, ELGA) served as the sheath fluid via gravity feed.
For nFCM analysis, the sample stream is completely illuminated within the central region of the focused laser beam, and the detection efficiency is approximately 100%, which leads to accurate particle concentration measurement via single particle enumeration [49, 50] . The concentration of each EV sample was determined by employing 100 nm orange FluoSpheres of known particle concentration to calibrate the sample flow rate. Several dilutions were made to the orange FluoSpheres solution, and a linear correlation between particle concentration and detected event rate was obtained with R 2 of 0.999 (data not shown). Regarding immunofluorescent staining, the following antibodies were purchased from BD Biosciences: PE-conjugated mouse anti-human CD9 antibody (clone M-L13), PE-conjugated mouse anti-human CD63 antibody (clone H5C6), PE-conjugated mouse anti-human CD81 antibody (clone JS-81), PE-conjugated mouse antihuman CD235a (clone GA-R2), PE-conjugated mouse anti-human CD45 (clone HI30), PE-conjugated mouse anti-human CD41a (clone HIP8), PE-conjugated mouse anti-human CD144 (clone 55-7H1), PE-conjugated mouse IgG1, κ (clone MOCP-21), and PE-conjugated mouse IgG2b, κ (clone [27] [28] [29] [30] [31] [32] [33] [34] [35] . For phenotyping of EVs derived by HCT15 cells, EVs were isolated from 1 mL CCCM diluted to 12.5 mL with PBS by centrifugation once at 100,000 × g for 2 h at 4°C (Beckman Coulter X-90 centrifuge, SW 41 Ti rotor), and the pellet was resuspended in 50 μL PBS. EV preparation from PFP by UC or commercial kit was divided into 50 μL with a particle concentration of 6 × 10 8 particles/mL. Into each 50 μL EV sample, 20 μL of PE-conjugated antibody against CD9, CD63, CD81, CD235a, CD45, CD41a, CD144, IgG1 or IgG2b was added. The mixture was incubated at 37°C for 30 min and then washed twice with 1 mL PBS by UC at 100,000 × g for 17 min at 4°C (Beckman Coulter MAX-XP centrifuge, TLA-120.2 rotor). The pellet was resuspended in 50 μL PBS for nFCM analysis. For fluorescent labelling of phosphatidylserine (PS), all the other experimental procedures were the same as immunofluorescent staining except for replacing 20 μL PE-conjugated antibody with 5 μL PE-conjugated Annexin V (BD Bioscience). Meanwhile, the PBS buffer was replaced with 1 × annexin-binding buffer (Invitrogen, V13241) starting from EV preparation.
Light scattering correction for the refractive index difference between SiNPs and EVs
Monodisperse SiNPs of five different sizes were used as the size reference standard to calibrate the size of EVs. Because the refractive index of SiNPs (1.461) is slightly different from that of EVs (1.40), the intensity ratio between light scattered by a SiNP to that of an EV of the same particle size was calculated based on the Mie theory for every size of the SiNP standard. These ratios were used as the correction factors to derive the calibration curve between the scatted light intensity and particle size of EVs from the correlation between the SSC intensity and particle size of SiNPs [43] . Note that in reality there is refractive index heterogeneity in the EV population based on size and composition differences, and 1.40 used here is an approximation. Simulation of sidescattered light detected by the nFCM system was performed with MiePlot, a computer program for scattering of light from a sphere using Mie theory and the Debye series [51] . For more detailed calculation, one can refer to the article by Zhang et al. [52] .
Transmission electron microscopy (TEM)
A 3-μL aliquot of the EV preparation with a concentration around 10 11 particles/mL was placed on a formvar-/carbon-coated grid and allowed to settle for 2 min. The sample was negative-stained with 2% phosphotungstic acid for 1 min. Grids were imaged with a Tecnai G2 Spirit BioTwin transmission electron microscope operating at 120 kV.
Western blot analysis
The protein concentration of PFP, VD-PFP, or EV preparation was measured using Qubit 4.0 protein assay kit (Thermo Scientific, Q33211, which is designed specifically for use with the Qubit Fluorometer to quantitate samples ranging from 12.5 µg⁄mL to 5 mg⁄mL with 1 and 20 µL of sample volume). For each sample, the protein concentration was adjusted to 10 μg/20 μL and 10 μg protein was loaded onto a 12% polyacrylamide gel. Following electrophoresis, the proteins were transferred from gel onto a polyvinylidene fluoride membrane (PVDF, Millipore) by using a Trans-Blot Turbo Transfer System (Bio-Rad). The membrane was blocked with 5% non-fat dry milk in TBST for 30 min at room temperature and incubated with primary antibodies overnight at 4°C. Following incubation with horseradish peroxidase-conjugated secondary antibody, the blot was developed with chemiluminescent reagents from Advansta. Images were captured on an Amersham Imager 600 (GE Healthcare Life Sciences).
The following antibodies used for immunoblotting were purchased from Abcam: rabbit monoclonal anti-human CD9 antibody (clone EPR2949, dilution 1:2000), rabbit monoclonal anti-human CD63 antibody (clone EPR5702, dilution 1:1000), rabbit monoclonal anti-human CD81 antibody (clone EPR4244, dilution 1:500), rabbit monoclonal anti-human ApoB (clone EPR2914, dilution 1:10,000), and the secondary antibodies: horseradish peroxidase-labelled goat anti-rabbit.
Results
Particle size and concentration analysis of EV preparations from plasma
The nFCM measures the particle size and concentration via light scattering detection of single particles at a throughput up to 10,000 particles per minute. Figure 1 (b) (i) and (ii) show the representative SSC burst trace of PBS filtered through a 220-nm filter and an EV preparation from PFP by UC, respectively. Figure 1 (c) depicts the SSC burst area distribution histograms for PBS (232 events) and EVs (7317 events). A mixture of five different sizes (47, 59, 74, 95 and 123 nm) of monodisperse SiNPs was analysed on the nFCM, and the SSC burst area distribution histogram is shown in Figure 1(d) . When the centroids of the SSC intensity obtained from the fitted Gaussian curves were corrected for each size population of the SiNPs, a calibration curve of the scattered light intensity and the particle size of EVs was obtained, with a size dependence of 4.98th order (Figure 1(e) ). Then, the SSC distribution histogram of the EV sample (Figure 1 (c)) was converted to particle size distribution, and the bin width was set at 1 nm (Figure 1(f) ). Meanwhile, the event rate of EVs counted within 1 nm for every size was converted to particle concentration by using the 100 nm orange FluoSpheres of known particle concentration to calibrate the sample flow rate. A typical TEM image of EVs isolated from PFP by UC is shown as the inset of Figure 1 (f). By using EVs isolated from cell culture supernatant as an example, we demonstrated before that the size distribution profile measured by nFCM closely resembled those obtained by cryo-TEM [43] . Although large size EVs up to 1000 nm have been observed by cryo-TEM [53] , Figure 1 (f) indicates that most EVs in preparation from PFP by UC fall in the size range of 40-200 nm. Note that if there exists particles of large size that saturate the APD detector, these particles can also be accurately counted by nFCM ( Figure S1 ).
EVs were separated from PFP of a single healthy donor using five different commercial kits in parallel with UC ( Table 1 ). The original PFP sample and EV preparations by different kits were analysed by nFCM and TEM. Of note, appropriate dilutions were made to the PFP and EV preparations prior to the nFCM analysis to make the final particle concentration fall in the range of 10 8 -10 9 particles/mL to avoid coincidence of two particles inside the probe volume. For example, 10,000-fold dilution was made to the PFP sample due to its high particle concentration. The original particle concentrations of PFP and EV preparations were calculated based on the measured concentrations of sample diluents and the dilution factors. Figure 2 (a-g) show the particle size distribution histograms along with the representative TEM micrographs (insert and Figure S2 ) for PFP and EV preparations by different isolation methods, respectively. Figure 2 (h) depicts the particle concentration of PFP and EV preparations. The particle concentration of PFP was measured to be 1.4 × 10 13 particles/mL whereas the particle concentration of EVs isolated by UC was only 4.8 × 10 8 particles/mL, suggesting that EVs were less than 0.0035% of the total particles with diameter larger than 40 nm in plasma. Nonetheless, it is worth noting that if there exists a substantial loss of EVs during UC isolation, the particle number of the EV proportion in PFP could be severely underestimated. Compared with the narrow size distribution of PFP particles, with a median size of 56 nm, the particle size distribution of EVs isolated by UC was much broader, with a continuous profile ranging from 40 to 200 nm in diameter, and the median size was measured to be 81 nm. Meanwhile, the 'cup-shaped EVs' are clearly seen in the TEM micrograph for EVs isolated by UC. The measured particle concentrations for EV preparations by commercial kits were 2-4 orders of magnitude higher than that of UC, ranging from 8.5 × 10 12 particles/mL for ExoQuick to 8.9 × 10 10 particles/mL for exoEasy. Moreover, their size distribution profiles closely resembled those of the source PFP: very narrow, with the majority of particles smaller than 80 nm in diameter. Meanwhile, dense protein particulates are evident in their TEM micrographs. For EV preparation by exoEasy, a population with increased diameter, centred around 185 nm, was observed, suggesting aggregation or fusion occurred during the isolation process. It is worth noting that no matter how we tried, it was very difficult to obtained good TEM images for EVs isolated by exoEasy, which could be ascribed to the proprietary reagents used in the kit.
Purity assessment of EV preparations from plasma
Blood plasma EVs are unavoidably co-isolated with a complex assortment of non-vesicular materials such as protein aggregates and lipoproteins. EVs are membrane vesicles that are susceptible to be lysed by detergents, while non-vesicular contaminants may remain largely unchanged [54, 55] . To assess the purity of EV preparations, we proposed to use non-ionic surfactant Triton X-100 to lyse the phospholipid bilayer of EVs, and then measure the particle counts before and after Triton X-100 treatment [43] . The EV preparations by UC and five commercial kits were diluted to particle concentration around 2 × 10 10 particles/mL. To 45 μL of the EV diluent, 5 μL of 10% Triton X-100 was added to make the final Triton X-100 concentration of 1%. After 1 hr incubation on ice, the treated EV sample was diluted 20-fold prior to the nFCM analysis. Figure 3 (a) (i) and (ii) depict the representative SSC burst traces of EVs isolated from PFP by UC prior to and after 1% Triton X-100 treatment. A remarkable reduction in event rate was observed upon treatment. The SSC burst area distribution histograms before (5062 events) and after (1124 events) Triton X-100 treatment are plotted in Figure 3(b,c) . Note that the event rate of PBS measured at the same experimental condition has been deducted for each EV sample. The purity of EVs is defined as P = 1 -C 2 /C 1 , of which C 1 and C 2 denote the particle number measured in 1 min before and after Triton X-100 treatment, respectively. Using this approach, the purity of EVs isolated from PFP by UC was measured to be 77.8%, which is easy to understand due to the abundant presence of lipoprotein particles in plasma. To verify the accuracy of the as-proposed purity assessment approach, the effect of Triton X-100 treatment on lipoproteins needs to be studied as they can be co-isolated with EVs.
Lipoprotein particles in the peripheral blood plasma include high-density lipoprotein (HDL, 5-12 nm, 1.063-1.210 g/cm 3 [56] or 1.08-1.21 g/cm 3 [35] , and we can see from Figure 1 (f) that the measured particle size of EVs mainly fall in the range of 40-200 nm. Therefore, EVs significantly overlap with VLDL and chylomicrons in particle size and with HDL in particle density. For blood drawn after overnight-fasting, the quantity of chylomicrons can be significantly minimized. As the particle size of HDL is too small to be detected by nFCM, we think the measured impurity particles for EV preparations from PFP by UC were mainly contributed by VLDL. So, the same Triton X-100 treatment was conducted for VLDL as for the EV preparation. Purified VLDL (American Research Products, 12-4020, purity > 95%, 1.48 mg/mL) was diluted 100-fold with PBS and filtered through a 0.22-μm filter. The particle concentration of VLDL was adjusted to 2 × 10 10 particles/mL before the Triton X-100 treatment. The VLDL samples before and after treatment were diluted 20-fold and analysed on the nFCM. We can see from the SSC burst area distribution histograms (Figure 3(d,e) ) that upon Triton X-100 treatment, the numbers of medium-to large-size particles decreased along with an increase of small-size particles. As one medium-to large-size VLDL could break up into several small-size particles upon treatment, the total particle numbers measured in 1 min increased from 4210 to 9252. Therefore, the real purity of EV preparation from PFP by UC is actually higher than what measured by the as-proposed method, i.e. 77.8%.
The effect of Triton X-100 treatment on PFP was also investigated and a slight increase in particle number was observed. Using the same approach, the purities of EVs isolated from PFP by five commercial isolations kits were measured and the results are plotted in Figure 3 (f). Upon three replicate measurements for each isolation method, the average purities of EV preparations by UC, ExoQuick, TEI, qEV and UF were 78.2, 5.3, 18.5, 28.1 and 11.4%, respectively. It is interesting to note that for EV preparation by exoEasy, the particle concentration after Triton X-100 treatment increased slightly after Triton X-100 treatment, which implicates that some of the relatively large-sized aggregates formed during the isolation process (Figure 2(g) ) were broken apart upon Triton X-100 treatment. However, it is important to note that caution needs to be taken when using number-only measurements to assess the purity of an EV preparation. If there exist lipoprotein particles or other impurity particles that can break up into small-size particles rather than being fully lysed upon detergent treatment, especially for the case when EVs are isolated from PFP by commercial kits, the measured purity is lower than they actually are. Moreover, because PFP samples can differ both in the number of EVs and the number and types of lipoprotein particles, it would be tricky to compare the purity of EV preparations generated from different PFP samples.
Efficacy and recovery of various isolation methods for pure EVs
The very high particle concentrations of EV preparations from plasma sample by commercial kits raised our curiosity about the recovery rate of these isolation methods applied on an EV preparation isolated by UC from cell culture supernatant. EVs isolated from CCCM by UC (purity of 88.5%) was used as the source material and particle concentration was adjusted to 10 11 /mL. For ExoQuick and TEI kits, as recommended by the manufactures, thrombin or proteinase K treatment was only conducted for EV isolation from PFP and not for EV isolation from pure EVs. Figure 4 (a-g) shows the particle size distribution histograms of purified EVs (a) and their EV preparations by different isolation methods (b-g) along with the representative TEM micrographs. After another UC step at 100,000 × g for 2 h at 4°C, no obvious change was observed for the particle size distribution profile of isolated EVs (Figure 4(b) ) when compared to the source material (EVs purified from CCCM by UC via carrying out twice UC at 100,000 × g for 2 h at 4°C) (Figure 4(a) ). Note that we did not observe noticeable aggregation or fusion of EVs induced by high-speed UC, of which cryo-EM reveals that EV aggregates have an overall size ranging from about 500 nm to several micrometers [57] . Compared to EM analysis, directly measuring EVs in liquid suspension by nFCM can more likely reflect the real situation of EVs dispersed in solution. Meanwhile, the data is more quantitative and statistically representative. For EVs isolated by different methods, the recovery rate of EVs was defined as R = N i /N, of which N denotes the particle number of pure EVs used as the source material and N i denotes the particle number recovered by each isolation method. N i and N were measured by nFCM via singleparticle enumeration. Meanwhile, protein assay was conducted in parallel to measure the protein concentration of each EV preparation. Figure 4 (h) depicts the recovery rates of different isolation methods obtained by both nFCM and Qubit protein assay. We can see that for methods that do not bring in other particles during the isolation process, such as UC, qEV and UF, the particle size distribution profiles of isolated EVs closely resembled those of the source material. Meanwhile, the recovery rates measured by nFCM and Qubit protein assay agreed well with each other. By nFCM measurement, qEV yielded the highest recovery rate of 64.7 ± 13.1% whereas UC and UF yielded recovery rates of 39.6 ± 4.6% and 36.9 ± 2.4%, respectively. For ExoQuick and TEI methods, polymer precipitation resulted in the formation of impurity particles, the recovery rates measured by nFCM were slightly higher than those of the Qubit protein assay. For exoEasy kit, as fusion or aggregation occurred during the isolation process (see the TEM micrograph), a large peak centred around 185 nm was observed. The aggregation resulted in a decreased particle number and a low recovery rate measured by nFCM. Yet, the Qubit protein assay indicates that the recovery rate of protein was as high as 93.2 ± 8.7%. It has been speculated above that the extremely low proportion (less than 0.0035%) of EVs detected among all the particles with diameter larger than 40 nm in PFP could be ascribed to the substantial loss of EVs during UC isolation. Figure 4(a,b,h) indicate that the recovery rate of a single UC step at 100,000 × g for 2 h at 4°C was~40%. Thus the recovery rate of EV preparation by UC (twice UC at 100,000 × g for 2 h at 4°C) would bẽ 16%. So, the actual proportion of EVs among the total particles with diameter larger than 40 nm in plasma could be around 0.02%, which could be largely attributed to the natural low abundance of EVs in plasma.
What particles are found in plasma EV preparations? Figures 2 and 3 indicate that, for PFP sample, the particle concentrations of EVs separated by commercial isolation kits were 2-4 orders of magnitude higher than that of UC, whereas the purities of these isolates were much lower (see Table 1 for details). To investigate the nature of the non-EV particles present in such large numbers in EV preparations by commercial isolation kits, we depleted vesicles from PFP by ultracentrifuging PFP at 100,000 × g for 18 h at 4°C, and used this VD-PFP as the starting material for EV isolation. Representative TEM micrograph of VD-PFP is shown in Figure S3 . Figure 5 (a) shows the comparison of particle concentrations between the EV preparations from PFP and from VD-PFP by these six different isolation methods. We can see that the particle concentration of VD-PFP was 1.3 × 10 13 particles/mL, which was comparable to the original particle concentration of PFP (1.4 × 10 13 particles/mL). These data suggest that EVs only take a very small fraction of particle number in the PFP. The particle concentration of EV preparations from VD-PFP by UC was 1.0 × 10 7 particles/mL. Comparing with the 4.9 × 10 8 particles/mL concentration of EVs separated from PFP by UC, we know that 98% of EVs were depleted from PFP during the 18 h UC process of VD-PFP preparation. The ratios between the particle concentrations of EV preparations from VD-PFP and those from PFP are plotted in Figure 5 (b) for these six isolation methods along with the concentration ratio between VD-PFP and PFP (marked as plasma). Clearly, there was only a negligible amount of EVs left in VD-PFP. The high particle concentration of EV preparations from VD-PFP by commercial kits arises from the abundant non-vesicular particles residing in VD-PFP. For example, though qEV outperformed other commercial kits, the particle concentration for preparation from VD-PFP was as high as 66% of that from PFP. These results indicate that the majority of particles isolated by kits are not EVs but are contaminants.
For commercial isolation kits, high concentration of the classical protein markers of EVs such as CD9, CD63 and CD81 in EV preparations from plasma or other sources has been widely used to demonstrate the high recovery and high purity of EVs [58] . Figure 5(c,d) , and S4 show the Western blot analysis of CD9, CD63, CD81 and apolipoprotein B (ApoB) proteins for EV preparations from PFP and VD-PFP, respectively. Here ApoB, the primary apolipoprotein of chylomicrons, VLDL, IDL and LDL particles, served as a contaminating marker of lipoproteins. Note that the protein concentration of EV preparation from VD-PFP by UC was too low to enable Western blot analysis. Figure 5(c,d) indicate that CD63 and ApoB were clearly positive for PFP and VD-PFP. The abundant presence of CD63 could be ascribed to the residual platelets in PFP preparation and the abundant quantities of CD63 in platelets [59] . For EV preparation from PFP by UC, CD9, CD63 and ApoB were detected positive and the intensity for CD81 was very weak. The presence of ApoB confirms the co-isolation of lipoproteins with EVs by UC. Interestingly, for all five commercial isolation kits, the Western blot patterns of CD9, CD63 and CD81 for EV preparations from VD-PFP resembled well with those of EV preparations from PFP. These results suggest that CD9, CD63 and CD81 not only reside on the surface of EVs but are also present in presumably non-EV materials. As proteinase K was used in TEI isolation, proteins with large molecular weight such as CD63 and ApoB were digested and could not be detected by Western blot analysis.
Single-particle phenotyping of EV preparations
EVs in complex biological fluids are highly heterogeneous in terms of cell of origin, release pathway and physiological status. Because nFCM can detect a single antibody conjugated with PE [43] , phenotyping of single EVs by nFCM was used to assess the quality of EV preparations from PFP by measuring the expression of CD9, CD63, CD81, CD235a, CD45, CD41a and CD144 via immunofluorescent labelling. EV preparation from CCCM of HCT15 cells by UC was also included for comparison. Among which, CD235a, CD45, CD41a and CD144 are protein markers of EVs derived from erythrocyte, leukocytes, platelets and vascular endothelial cells. Meanwhile, surface expression of PS was examined by PE-conjugated annexin V. Concentration optimization of PE-conjugated antibodies or annexin V is given in Figure S5 . IgG isotype control and reagent control (PE conjugated antibody or annexin V) are shown in Figures S6 and S7 , respectively. Figure 6(a,  b) show the bivariate dot-plots of PE fluorescence versus SSC for EV preparations by UC from CCCM of HCT15 cells and PFP, respectively. As expected, compared to the classical EV protein markers such as CD9, CD63, CD81 and PS, the expression of blood cell markers (CD235a, CD45, CD41a and CD144) in EVs secreted by HCT15 was very low. For EVs isolated from PFP, the ratio of EVs derived by erythrocytes (CD235a + ) exhibited the highest percentage up to 57.0%, which could be ascribed to the fact that red blood cells are the most abundant type of blood cells in the human body. Meanwhile, the ratios for CD9 + , CD63 + , CD81 + , PS + , CD45 + , CD41a + and CD144 + EVs ranged between 10 and 25%. The bivariate dot-plots of PE fluorescence versus SSC for EV preparations from PFP by five commercial kits are displayed in Figures S8-1 and S8-2. Figure 6 (c) displays the total event rates measured in 1 min for all six isolation methods along with their normalized event rates, i.e. the ratios between the event rate measured in 1 min for each isolation method and that of UC (the total event rate of reagent control was deducted from both the numerator and the denominator). We can see that the events were much fewer for EV preparations by kits when compared to that of UC. Note that upon fluorescent labelling, these EV preparations by kits were all washed twice by UC to remove unbound antibodies or annexin V as for EVs isolated by UC. The reduced particle numbers of commercial kits can be attributed to the removal of impurity particles upon UC. For example, the particle numbers measured for qEV, UF and exoEasy were only 14, 8 and 5% of that of UC, respectively. However, for ExoQuick and TEI, the ratios increased to 22 and 57%, respectively. We suspect that the polymer precipitates introduced during the isolation process could also be pelleted upon UC. The reason why TEI exhibits a much higher ratio could be because the relatively large particle size of EV preparation from PFP by TEI (Figure 2(d) ) when compared to that of ExoQuick (Figure 2(c) ). It is worth noting that besides the removal of unbound antibodies by two washes of UC, the large amounts of impurity particles presented in EV preparations by commercial isolation kits were also efficiently removed. Thus, for EV preparations from PFP by commercial kits, the proportions of EVs expressing a specific protein marker were comparable to those of EV preparation by UC ( Figure 6(d) ).
Discussion
Isolation of pure EVs from biological fluids is of critical importance as coisolation of soluble proteins and lipoproteins may impede the interpretation of experimental findings. For example, genomic, proteomic and lipidomic studies require the EVs to be as pure as possible to ensure that what are measured are compositions associated with EVs rather than interfering impurities. No matter what type biological fluids to isolate from and what kind of separation methods to use, knowing the properties of EV preparations, such as size distribution, particle concentration, purity and phenotype is of critical importance in ensuring the sensitivity and accuracy of downstream analysis. Among which, the purity of EVs isolated from blood sample is of major concern, as the concentration of lipoprotein particles is several orders of magnitude higher than that of vesicles [35, 56] . Of note, compared with serum, plasma is usually the preferred source of EVs because additional EVs are released from platelet during the clot formation when preparing serum [11, 60] .
As ensemble-averaged approaches cannot differentiate whether the presence of nucleic acids, proteins or lipids is associated with EVs or reside in the other non-EV materials, and indeed no biomarkers have been established for EVs, there has not been an efficient approach to analyse the purity of EV preparations. Recently, the ratio of particle counts (measured by NTA) to protein content (acquired by BCA-assay) has been proposed and used as an adequate marker to estimate the purity of EV preparations [45, 61] . However, NTA can neither detect vesicles smaller than 70 nm nor differentiate between vesicles and similarly sized lipoproteins or protein aggregates, which could easily lead to an inaccurate enumeration of EV counts. In the meantime, BCA-assay measures total protein concentration of EV preparation, which could include great amounts of lipoproteins and other non-vesicular proteins. Upon a systematic study of the yield, purity and functional potential of EVs isolated from plasma by UC and SEC, it was found that particle/protein ratio is not an accurate measure of purity of plasma EV preparations, and the importance of measuring the protein levels of specific EV markers and contaminating factors (e.g. ApoB lipoproteins) was emphasized [62] . Since the double-layered lipid membrane is the most prominent feature of EVs, we proposed a straightforward and simple approach to quantify the purity of EVs by using nFCM to enumerate particle counts before and after EV membrane lysis with Triton X-100 [43] . This single-particle approach is based on light-scattering detection and thus is label-free.
The purity of EVs isolated from PFP by UC was quantified to be 78.2% (Table 1) in the present study, which is only slightly lower than the normally 90% purity for EVs isolated from conditioned cell culture medium. Due to the partial dissociation of VLDL upon Triton X-100 treatment, the actual purity of EV preparations from PFP should be higher than what measured by nFCM. Considering the abundant presence of lipoproteins in plasma (≈10 16 /mL) [35] , UC demonstrated its great efficiency in separating large quantities of non-vesicular contaminants. Although it has been anticipated that the particle concentrations of EV preparations from PFP by commercial kits could be higher than that by UC, the two to four orders of magnitude greater concentrations were still striking. In contrast to the much higher yields of commercial isolation kits, the measured purity (ranging from 28.1 to 5.3%) was markedly lower in comparison to UC, though an underestimation of their purity could occur. It is interesting to note that when these kits were used to isolate EVs from VD-PFP, comparable particle counts were obtained with their corresponding EV preparations from PFP. Meanwhile, the particle size distribution profiles of EVs isolated by kits closely resembled those of PFP, whereas EVs isolated by UC showed broader size distribution at relatively larger particle size. This may be due to the presence of more, smaller lipoprotein particles in EV preparations by kits. Compared with polymer precipitation, membrane filtration and membrane affinity, SEC is gaining increasing popularity owning to its simple procedure and relatively good separation of EVs from contaminants. However, although the qEV kit provided the best performance among all five tested commercial kits, its purity of 28.1% is compromised when compared to the 78.2% purity of UC. In studies using UC and SEC for isolation of EVs from rat blood plasma, Takov et al. found that plasma EVs obtained by UC appear to be of superior purity to those isolated by SEC. Meanwhile, the particle modal size (96.6 ± 3.1 nm) of plasma EVs isolated by UC was significantly higher than that of the EVs isolated by SEC (81.5 ± 3.3 nm) according to the NTA measurement [62] . Accordingly, nFCM measurements indicate that the 81 nm median size of human plasma EVs isolated by UC was much larger than the 64 nm median size of the EV preparations by SEC (qEV kit) and the 56 nm median size of PFP. Collectively, these data indicate that a high degree of non-vesicular contaminants exists in plasma EV isolation by commercial kits. It is worth noting that a complete separation of EVs from plasma is an arduous task due to the extensive overlap in particle size and density between EVs and lipoproteins. In order to isolate EVs from blood with minimal contamination by plasma proteins and lipoprotein particles, a combination of several separation methods can be applied such as UC followed by density cushion and SEC [56] , or UC followed by gradient density UC [63] .
Regarding phenotyping of EVs, ensemble-averaged analysis of tetraspanin (CD9, CD63 and CD81) have been widely used to assess the purity and recovery rate of EVs. However, we demonstrate that these tetraspannin membrane proteins also present in VD-PFP and can be co-isolated by all five commercial EV isolation kits. Thus the mere presence of these proteins in EV preparations via Western blot analysis cannot be used to claim a high recovery rate of EVs. Compared with ensemble-averaged analysis of protein markers, singleparticle phenotyping exhibits distinct advantages, as the result is straightforward and conclusive.
In summary, nFCM analysis highlighted that ExoQuick, TEI, qEV, UF and exoEasy failed to isolate high-purity EVs from plasma, and UC is the most appropriate isolation method among the ones tested. We hope that this work will raise awareness about the quality of EV preparations obtained with commercial isolation kits and stress the need for caution when making conclusive statements on the molecular composition and biological functions of EVs. By analysing single particles at a rate of up to 10,000 particles/min, in a resolution comparable to that of TEM, and with concurrent light scattering and fluorescence measurement, nFCM provides quantitative analysis of EV size distribution, concentration, purity and phenotype without prejudice. Thus, nFCM could serve as a new benchmark for the quality and efficiency assessment of EV isolation methods and will be a great asset to the further development of EV isolation protocols.
